We observe that a nanostructured metal can be hardened by annealing and softened when subsequently deformed, which is in contrast to the typical behavior of a metal. Microstructural investigation points to an effect of the structural scale on fundamental mechanisms of dislocationdislocation and dislocation-interface reactions, such that heat treatment reduces the generation and interaction of dislocations, leading to an increase in strength and a reduction in ductility. A subsequent deformation step may restore the dislocation structure and facilitate the yielding process when the metal is stressed. As a consequence, the strength decreases and the ductility increases. These observations suggest that for materials such as the nanostructured aluminum studied here, deformation should be used as an optimizing procedure instead of annealing.
F rom the beginning of our civilization, metalworkers have known that when a metal becomes too hard-for example, when forged-it can be softened by annealing. By choosing the right combination of annealing temperature and time, a desired combination of strength and ductility can be achieved. The current focus is on nanostructured metals that have extreme strength but limited ductility and formability, which reduces their applicability. The extreme strength is obtained through a structural refinement of the grains down to nanometer dimensions, and an optimization of ductility has been sought through annealing. It has been shown (1) that when annealing under conditions that produce a structure with bimodal distribution of grain sizes from nanometer to micrometer scales, the strength of nanostructured metals decreases slightly but the deformation-induced hardening (i.e., work hardening) of the coarse grains in the structure gives ductility. It has been also discovered that during annealing at low temperatures, which does not cause excessive and heterogeneous coarsening of the nanostructure, nanostructured metals may harden rather than soften-as observed, for example, in metals produced by inert gas condensation (2) (3) (4) , electrodeposition (5, 6) , and plastic deformation to very high strains (7) (8) (9) (10) . Associated with the hardening, a decrease in the tensile ductility has been reported (5, 9, 10) where tensile tests were carried out to evaluate the mechanical properties. This unusual, annealing-induced hardening has been related to changes in structural characteristics Ee.g., the grain boundary structure (11)^, but various hypotheses have not been verified. The present work has two objectives: to improve our understanding of the changes in properties and structure when a nanostructured metal is annealed, and to use such findings to inspire the development of new optimization processes.
We investigated annealing behavior in a fully dense, nanostructured aluminum of commercial purity (99.2%) that was prepared by a high-strain rolling deformation known as accumulative roll bonding (ARB) (12) . Aluminum sheets of a final thickness of 1 mm were produced by a six-cycle ARB processing to an equivalent strain of 4.8 (13) . The ARBprocessed state showed a weak crystallographic texture and a lamellar microstructure of dislocation boundaries and grain boundaries characteristic of high-strain rolling of metals and alloys. The lamellar boundaries are parallel to the rolling plane, with an average spacing of 180 nm. This lamellar morphology and the relatively coarse boundary spacing ensure the elimination of grain boundary sliding during tensile testing. Tensile specimens of gauge dimensions 10 mm by 5 mm were machined from the sheets and tested at room temperature. The engineering stress-strain curve of the ARB sample ( Fig. 1 , curve 1) shows a very high yield stress (259 MPa) and ultimate tensile stress (UTS, 334 MPa) and a reasonably good tensile ductility, as expressed by total elongation (7%) and uniform elongation (1.8%). This yield stress is nearly 10 times that of a coarse-grained material with a grain size of 50 mm (È28 MPa). When the ARB sample was annealed at 150-C for 30 min, the yield stress increased by 8.9% to 281 MPa (curve 2, Fig. 1 ) and the total elongation decreased markedly, making the material almost brittle. This is in contrast to the expected behavior after annealing-a decrease in strength and an increase in elongation or ductility.
An increase in flow stress during annealing of a deformed metal is typical if the metal contains alloying elements in solid solution that precipitate when the metal is annealed. This socalled precipitation hardening was not expected in the aluminum, which had a purity of 99.2%. However, other stable impurities might have dissolved during processing and reprecipitated during annealing. To prove that this was not the case, we carried out an experiment using 99.99% pure aluminum as the starting material. As with the 99.2% pure aluminum, specimens were produced by a six-cycle ARB processing to an equivalent strain of 4.8, followed by annealing at 150-C for 30 min. The specimens were tested under the same conditions. The results showed that, as expected, both the yield stress and the UTS were substantially reduced relative to the 99.2% Al, but the key phenomena (i.e., the hardening by annealing and the decrease in ductility) were reproduced. For example, an increase of about 9% in the yield stress was observed after annealing. Therefore, the dissolution and reprecipitation of impurities, if it occurred, did not contribute to the annealinginduced property changes.
We used transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) to characterize the structural parameters of ARB samples before and after annealing. The initial structure ( Fig. 2A) is delineated by lamellar boundaries parallel to the rolling direction (RD) and interconnecting boundaries parallel to the normal direction (ND). Table 1 shows the quantified structural parameters that are thought to contribute to the mechanical properties. Slight coarsening occurred during annealing ( Fig. 2B ) for both the lamellar boundary spacing D LB and the interconnecting boundary spacing D ICB , which produced a reduction of boundary surface area per unit volume.
Statistical measurements of misorientation angles across the lamellar boundaries and interconnecting boundaries were made by Kikuchi diffraction. Misorientation angles in both samples show a bimodal distribution, with one peak located in the range below 3-and the other located between 40-and 55-. More than 60% of the boundaries were high-angle boundaries (915-) in the ARB samples both before and after annealing. This high density, in combination with the small boundary spacing, results in Table 1 . Structural parameters in samples of different conditions. f G3-, fraction of boundaries with misorientation angles less than 3-; f 3-15-, fraction of boundaries with misorientation angles between 3-and 15-; f 915-, fraction of high-angle boundaries (915-). a very large area per unit volume (S V ) of highangle boundaries, which can act as dislocation sinks. As an example, S V in the ARB sample before annealing is È5.6 Â 10 6 m j1 , which is about 100 times the S V for a typical polycrystalline material with a grain size of 50 mm. In the bright-field images ( Fig. 2) , it is seen that a series of alternating bright and dark thickness contours characterize individual high-angle boundaries, most of which correspond to the lamellar boundaries. HRTEM observations show that the lattice images on both sides of a lamellar boundary extend all the way to the boundary; no special region with a disordered structure is detected along the boundary. The low-angle boundaries exhibit a certain width in the deformed state, but they become sharper and better defined upon annealing, which suggests the occurrence of a recovery process by rearrangement of dislocations in these boundaries. The most remarkable change observed was the decrease in the density of interior dislocations, r 0 , that exist in the volume between the boundaries (Fig.  2) . A determination of the interior dislocation density showed that it decreased from 1.33 Â 10 14 m j2 in the deformed state to 0.53 Â 10 14 m j2 after annealing (Table 1 ).
In previous strength-structural analysis of lamellar structures, two additive strengthening mechanisms have been proposed: (i) forest hardening caused by the dislocations in the lowangle boundaries and in the volume between the boundaries (14) , and (ii) grain boundary hardening caused by the high-angle boundaries (14, 15) taken to be inversely proportional to the square root of the boundary spacing Ei.e., a Hall-Petch relationship (16, 17)^. Not included is a contribution from texture strengthening, as the texture change during annealing is negligible. Therefore, the observed coarsening and decrease in the dislocation density in the volume between the boundaries and the decrease in the low-angle boundary fraction suggest a decrease in strength, which is opposite to the hardening observed experimentally.
When a deformed structure is annealed at a temperature that does not cause recrystallization, typical effects include a coarsening of boundary spacing, recovery of low-angle boundaries, and reduction in the dislocation density in the grain interior, at grain boundaries and triple junctions. In conventional materials with medium to large grain sizes, these changes will cause softening by a reduction in dislocation hardening and grain boundary strengthening. However, the changes in the dislocation structure occurring in a nanostructured metal may play a distinct and different role. As a hypothesis, it is suggested that the many dislocation sinks available in the form of closely spaced high-angle boundaries will reduce the number of dislocation sources during annealing. This may lead to an increase in the yield stress in order to activate new dislocation sources during straining. Such a correlation between the density of dislocation sources and the strength is typically observed in nanoscale metals, both experimentally (18) and by atomic-scale modeling (19) . Furthermore, the decrease in the density of interior dislocations that can carry the strain may efficiently reduce the elongation. These different effects are reflected in Fig. 1 .
A critical test for the above hypothesis is to see whether a softening and an increase in elongation occur if dislocations are generated in the annealed sample. An annealed sample was deformed 15% by cold rolling and tested under the same conditions. The tensile curve for this test is plotted as curve 3 in Fig. 3 . It is seen that the stress-strain behavior of this redeformed sample returns to that of the initial ARB sample (Fig.  1) , as do the values for the measured yield stress (256 MPa), UTS (333 MPa), total elongation (6.6%), and uniform elongation (2.0%). The similarity in mechanical behavior between this 15% cold-rolled sample and the original ARB sample suggests that applying 15% cold rolling has modified the structure in the annealed sample to be similar to the structure in the initial ARB sample. TEM characterization shows that a large number of dislocations are indeed introduced again in the volume between the boundaries ( Fig. 4 ) and at triple junctions and grain boundary regions. As a result, the dislocation configuration is very similar to that observed in the original ARB sample ( Fig. 2A) . We obtained an interior dislocation density of 1.14 Â 10 14 m j2 and boundary spacings of 200 nm (D LB ) and 650 nm (D ICB ) in this sample. These parameters are close to the values measured for the original ARB sample (Table 1) .
To further verify this hypothesis, we carried out further annealing and deformation experiments as well as tensile tests. Repeated hardening and decrease in the elongation by lowtemperature annealing, and softening and in- Fig. 3 . Engineering stress-strain curves for 99.2% pure Al. Curve 2: ARB annealed at 150-C for 30 min (the same curve 2 as shown in Fig. 1 ). Curve 3: same as 2 but deformed 15% by cold rolling. Curve 4: same as 3 but again annealed at 150-C for 30 min. Curve 5: same as 4 but deformed 15% by cold rolling. Refer to table S2 for sample numbering. after annealing at 150-C for 30 min. The micrographs were recorded when at least one lamella (M) in the area was under multiple-beam condition with the beam direction parallel to the [001] zone axis of the lamella to reveal the interior dislocations. In (A), dislocation tangles are seen within the lamella marked M. In (B), dislocation tangles are replaced by fewer dislocations, many of which are pinned by the lamellar boundaries. Fig. 1 . Engineering stress-strain curves for 99.2% pure Al. Curve 1: processed by six ARB cycles to an equivalent strain of 4.8. Curve 2: same material as 1, plus annealing at 150-C for 30 min. The strain rate ė used for the tensile test is indicated. Refer to table S2 for sample numbering. crease in the elongation by a low level of deformation, are obtained, as shown by curves 4 and 5 in Fig. 3 . This repeated mechanical behavior, combined with the structural characterization, confirms that the removal of dislocations by annealing and their introduction by slight deformation are the cause of the changes in the mechanical properties. The deformation induced relatively small decreases in yield stress and UTS, and a large increase in the elongation greatly improves the applicability of the material. A further test of the beneficial effect of deformation as a final processing step is to deform the initial ARB sample 15% by cold rolling. The reason is that this sample has been processed by rolling to a large strain per pass and some adiabatic heating may have taken place (i.e., the material may be in a recovered state) (20) . Such conditions are also typical of industrial processing. In accordance with the present hypothesis, it is assumed that a light deformation of an ARB sample in the asdelivered state may induce a small decrease in strength followed by an increase in ductility. Curves 1 and 6 in Fig. 5 confirm this assumption.
The present investigation has focused on aluminum. The strategy described above may also apply to metals such as nickel and interstitial free steels that develop deformation microstructure similar to that of aluminum (14, 21) . Therefore, this strategy opens up a research area of both fundamental and applied importance.
Diels-Alder in Aqueous Molecular Hosts: Unusual Regioselectivity and Efficient Catalysis
Michito Yoshizawa, Masazumi Tamura, Makoto Fujita* Self-assembled, hollow molecular structures are appealing as synthetic hosts for mediating chemical reactions. However, product binding has inhibited catalytic turnover in such systems, and selectivity has rarely approached the levels observed in more structurally elaborate natural enzymes. We found that an aqueous organopalladium cage induces highly unusual regioselectivity in the Diels-Alder coupling of anthracene and phthalimide guests, promoting reaction at a terminal rather than central anthracene ring. Moreover, a similar bowl-shaped host attains efficient catalytic turnover in coupling the same substrates (although with the conventional regiochemistry), most likely because the product geometry inhibits the aromatic stacking interactions that attract the planar reagents to the host. E ffective synthetic homogeneous catalysts have generally been structurally simple small molecules, which act by binding to substrates at or near the reaction site. In contrast, enzymes are much larger and more complex and derive much of their selectivity by bonding substrates through multiple interactions in elaborate pockets, thereby forcing the substrates into orientations that favor specific reaction paths (1, 2). In the past decade, chemists have made substantial progress in building molecular hosts that emulate these enzymatic pockets (3, 4) . Self-assembly of carefully constructed organic and/or metallic building blocks in solution produces hollow host structures that can bind small molecule guests (5, 6) . Among the many potential advantages of this strategy is the creation of hydrophobic reaction environments in aqueous solution, widening the scope of accessible reactivity in ecologically friendly media. However, these synthetic hosts have rarely conferred the orientational precision necessary to guide reactions along otherwise unfavored pathways. Moreover, catalytic turnover has been inhibited because the hosts bind products as effectively as reactants, if not more so. In earlier reports by Rebek (7, 8) , Sanders (9), and our Fig. 4 . TEM image showing the lamellar structural morphology and dislocation configuration in the ARB sample processed by annealing at 150-C for 30 min, then deformed 15% by cold rolling. A dislocation structure similar to that in the original ARB sample ( Fig. 2A) is introduced in the lamellae. 
